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ABSTRACT 
A method for  producing  BaO and Ba+ i n  a gaseous medium was developed 
u t i l i z i n g  a l iquid propuls ion system. The f u e l  cons is ted  of BaC12 and 
Ba(N03)2 salts disso lved  in  hydraz ine .  The o x i d i z e r s  t e s t e d  were OF2, 
c lF3 and F2. The BaO and Bat y i e l d  f o r  a l l  systems a t  vary ing  oxid izer / fue l  
r a t i o s  was measured using spectroscopic techniques. The chemical system 
producing t h e  h ighes t  y i e ld  of BaO and Ba+ cons i s t ed  of a 17% BaC12- 
16% Ba(N03)2-67% N2H4 fue l  mix tu re  t e s t ed  wi th  f luo r ine .  
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BEVELOPMENT OF A BARIUM 
CHEMICAL RELEASE  SYSTEM 
by 
-C, S.  Stokes,  E. W. Smith  and W. J. Murphy 
Resea rch  Ins t i t u t e  of Temple Universi ty  
Phi lade lphia ,  Pa . 
SUMMARY 
The ob jec t ive  of t h i s  work was t o  develop a chemical system suitable 
f o r  t h e  p o i n t  releases i n  good y i e l d  of free barium (BaO) atoms and barium 
ions (Ba+), a t  an a l t i t u d e  on t h e  o r d e r  of s e v e r a l  e a r t h  r a d i i .  T h i s  effort 
was accomplished by dissolving barium salts (barium chloride and/or barium 
n i t r a t e )  i n  a f u e l  ( h y d r a z i n e  o r  ammonia) and r eac t ing  th i s  mix tu re  wi th  
v a r i o u s  o x i d i z e r s  i n  a l iquid rocket motor combustion chamber. Photometric 
intensi ty  measurements  of  the BaO 55358 and Ba+ 45548 s p e c t r a l  l i n e s  were 
made for those  sys t ems  to  de t e rmine  the  r e l a t ive  y i e ld  o f  BaO and Ba+ spec ie s  
i n  the  exhaus t  plume, This method then enabled selection of the chemical  
sys tem provid ing  the  h ighes t  y ie ld  of free barium (BaO) atoms and barium ions. 
2. 42.9%  Ba(N0312 - 57.1% N2HUClF3 
3.  16.7% BaC12 - 83.3% N2H4/F2 
4. 26% BaC12 - 74% N2H4/F2 
6. 17% BaC12 - 16%  Ba(N03)2 - 67% N ~ H I + / F ~  
7.  13% BaC12 - 21.5%  Ba(N0312 - 65.5% N2H4/F2 
8 ,  9% BaC12 - 30% Ba(N03)2 - 61%  N2H4/F2 
9. 42.9% Ba(N03)~  - 57.1% N2H4/F2 
Note: Fuel  compositious are g iven  in  weight  percent  
Two systems, 26%  BaC12 - 74% N2H4/F2 and 13% BaC12 - 21.5%  Ba(N0312 - 
65.5% N2H4/F2, were r u n  i n  a 42.4 cubic  meter vacuum tank a t  pressures  
ranging from  0.05 t o  0.50 t o r r .  The sys tem having  the  h ighes t  y ie ld  of BaO 
and Ba+,  as determined by photometric measurements, was t h e  17% BaC12 - 
16% Ba(N03)2 - 67% N2H4/F2 mixture.  
S o l u b i l i t y  s t u d i e s  of barium sa l t s  in  hydraz ine  (N2H4,) and ammonia 
(NH3) were performed. The bar ium sa l t /hydraz ine  so lu t ions  were inves t iga t ed  
t o  determine shock sensi t ivi ty .  
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INTRODUCTION 
It  has been proposed t o  create ion clouds in  the upper  a tmosphere 
and  in t e rp l ane ta ry  space  fo r  t he  s tudy  o f  geophys ica l  p rope r t i e s  of t h e  medium. 
For example: the physics of comet ta i ls ,  the  magne t i c  f i e ld  of t h e  e a r t h ,  
so l a r  w inds ,  and electric f i e lds  in  the  ionosphe re  can  be inves t iga ted  us ing  
da ta  genera ted  f r o m  observa t ion  of  a r t i f ica l ly  produced  ion  c louds .  Severa l  
elements have been suggested as h a v i n g  s u i t a b l e  o p t i c a l  p r o p e r t i e s  f o r  t h e  
generation of an ion cloud; such as calcium, strontium, barium, europium, 
yt terbium . 
In  re ference  1 F6ppl developed a bar ium sol id  chemical  release 
system using copper oxide with Ba i n  e x c e s s  of t h a t  s t o i c h i o m e t r i c a l l y  
r equ i r ed  and  u t i l i z jng  the  heat of formation of BaO t o  vaporize the remaining 
Ba. The vaporized Bao would be  photo-ionized t o  Bat by sun l igh t  ac t ion .  The 
same inves t iga tor  has  es t imated  that from 2.4 t o  4.8 kg of f r e e  B a  would be 
r equ i r ed  in  o rde r  t o  p roduce  su f f i c i en t  mass f o r  measurement a t  5 e a r t h  r a d i i .  
A degree of  dispar i ty  exis ts  between var ious observers  in  regard 
to  the  t ime  scale fo r  pho to - ion iza t ion .  An inc rease  in  the  t ime  scale 
requi red  for  photo- ioniza t ion  would r e q u i r e  g r e a t e r  amounts of vaporized B a  
than previously estimated. Since the barium-copper oxide system produced a 
r e l a t i v e l y  low y i e l d ,  less than 15%, of free bar ium ( B a O )  and barium ions 
(Bat ) ,  it appeared  des i rab le  to  deve lop  a system having a h ighe r  y i e ld  of 
BaO and Bat. 
After  considerat ion of  the above parameters ,  the Research Inst i tute  
of Temple University proposed the development of a system which would r e a d i l y  
l e n d  i t s e l f  t o  s c a l e - u p  and provide a higher temperature (3800OK) than the 
barium-copper  oxide  system  (approximately 2200OK). The higher  temperature 
s h o u l d  r e s u l t  i n  a more e f f i c i e n t  y i e l d  o f  BaO and Bat. The pDDposed system 
cons is ted  of  a l i q u i d  f u e l  c o n t a i n i n g  Ba in conjunction with an extremely 
ene rge t i c  l i qu id  ox id ize r .  
T h i s  report  covers the experimental  development and evaluation 
of systems using barium salts dissolved in  hydrazine and ammonia with 
several   f luorine  containing  oxidizers .   Previous  and  concurrent   invest igat ions 
using barium chloride and barium n i t r a t e  d i s so lved  in  hydraz ine  w i t h  
n i t rogen  t e t rox ide  and  ch lo r ine  t r i f l uo r ide  ox id ize r s  were c a r r i e d  o u t  by 
the  Resea rch  Ins t i t u t e  o f  Temple Un ive r s i ty  fo r  t he  Air Force Cambridge 
Research Laboratories,  reference 2. 
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APPARATUS AND PROCEDURES 
A t  t h e  start of t h e  i n v e s t i g a t i o n  it was decided t o  e v a l u a t e  t h e  
various systems by measur ing  photometr ica l ly  the  l igh t  in tens i ty  of t h e  
55358 BaO and 4554x Ba+ l i n e s .  By m o n i t o r i n g  t h i s  l i g h t  i n t e n s i t y ,  it was 
e x p e c t e d  t h a t  t h e  r e l a t i v e  amounts of BaO and Ba+ produced (as well as 
ef f ic iency)  could  be  es t imated .  The first tes t  se t -up  cons is ted  of  two 
in t e r f e rence  filters, used t o  measure t h e  above s p e c t r a l  l i n e s ,  mounted on 
a ro t a t ing  d i sc  and  p l aced  in  f ron t  o f  a 931A photomult ipl ier  tube.  This  
device was focused on the exhaust  plume of  the  sys tem be ing  tes ted ,  The 
inpu t  to the  pho tomul t ip l i e r  cons i s t ed  o f  a l t e rna te  pu l ses  of Bao and Ba+ 
l i g h t  a n d  was fed  in to  an  osc i l lograph .  After seve ra l  runs ,  it was r e a l i z e d  
t h a t  t h i s  s y s t e m  was producing  unrea l i s t ic  va lues .  Due t o  t h e  wide  band 
w i d t h s  o f  t h e  filters, approximately 1 4  m u ,  t h e  p h o t o c e l l  was see ing  more 
t h a n  t h e  55358 and  45548 l ines .  Th i s  was p a r t . i c u l a r l y  t r u e  i n  systems  where 
considerable band spectra was produced. To overcome t h i s  problem it was 
dec ided  to  use  a 1.5 meter stigmatic gra t ing  spec t rograph  coupled  wi th  two 
931A photomul t ip l ie r  tubes mounted t o   t h e  f i l m  ho lder  a t  the  po in t  where t h e  
55351 B a  and  45548 Ba+ l ine  appeared .  Each photomul t ip l ie r  tube  was placed 
i n  a n  aluminum holder  wi th  a 0.25 mm s l i t .  This s l i t  then accepted a 48 
increment of wave length  s ince  the  spec t rograph  had  a 158/mm first o r d e r  
d i spers ion .  By use of  a barium hollow cathode discharge tube and the two 
previously mentioned interference filters, the  pho tomul t ip l i e r  was a l i n e d  i n  
the  p rope r  pos i t i on  on t h e  s p e c t r o g r a p h  t o  m o n i t o r  t h e  BaO (55358) and Ba* 
(4554%) l i n e s  i n  t h e  e x h a u s t  plume. The s igna l s  f rom the  pho tomul t ip l i e r s  
were fed into an osci l lograph.  This  system gave a r epea tab le ,  reliable 
method for  accura te ly  measur ing  the  BaO and Ba+ va lues ,  
Spec t ra  of  a l l  t h e  syster- were taken with the above spectrograph, 
Figure 1 shows t h e  o p t i c s  f o r  tests conducted a t  ambient conditions.  The 
flame was r e f l e c t e d  from a f ront  sur face  mir ror  th rough a focus ing  lens  t o  
the spectrograph s l i t ,  The slit was a r r a n g e d  t o  have the  spec t rograph  
g r a t i n g  r u l i n g s  p a r a l l e l  t o  flame ax i s .  Th i s ,  i n  t u rn ,  a s su red  f i l 3 :qg  o f  
t h e  slit and photomultiplier tube openings.  The average flame length ranged 
from 0.6 t o  0.9 meters. Photoce l l s  were mounted as i- a t y p i c a l  Wadsworth 
moun+ing a t  t h e  455461 and 5535R pos i t i on ,  as shown i n  'ig. 2. 
Figure 3 shows a schematic of the combustion system, The o p t i c s  
for tests conducted at vacuum condi t ions  are shown i n  Fig. 2. The burner  was 
mounted i n s i d e  a 42.4 cubic  meter vacuum tank.  Two o p t i c a l  p a t h s  are shown. 
The f i l m  spectrograph viewed the flame from t h e  s i d e .  The o p t i c a l  p a t h  
cons i s t ed  of a tank  s ight  g lass  and  a focus ing  lens .  The spectrograph used 
t o  measure l i n e  i n t e n s i t y  viewed t h e  flame from a head-on pos i t i on ;  it saw 
t h e  c o r e  or flame center .  The op t i c s  cons i s t ed  of a s i g h t  glass and focusing 
l e n s  . 
The propel lant  f low rates were measured with turbine-type flowmeters 
and recorded on oscil lographs.  
4 
The combust ion uni t  consis ted of  a s t a i n l e s s  s tee l  pipe closed a t  
one end, 5.7 c m  long and 3.5 c m  in s ide  d i ame te r ,  see Fig. 1. The u n i t  
c o n t a i n e d  i n j e c t o r  o r i f i c e s  mounted a t  90° t o  each other and sized for 
pressure  drops  of  5 . 24 t o  10.2 x l o 5  Newtons/meter2 ac ross  the  o r i f i ce .  Fue l  
and oxidizer flows generally ranged from 22.5 t o  68.2 gm/sec. each. A pressure  
t a p  was p l a c e d  i n  t h e  back of the combustion unit  and pressure was monitored 
f o r  t h e  i n i t i a l  r u n s .  T h i s  was done to  de te rmine  the  ne t  pressure  drop  across  
i n j e c t o r  o r i f i c e s ,  The chamber t ressure  of  the combust ion uni t  ranged from 
1.02 t o  3.45 x l o 5  Newtons/meter  absolute. 
Fuel,  containing the dissolved barium sal t ,  was poured  in to  the  
fue l  t ank  us ing  a funnel ,  The usual charge was from 340 t o  454 gm., which 
provided several  runs of  3 seconds duration. 
Cryogenic oxidizers such as OF2 and F2 were condensed from gases i n  
the  c losed  oxid izer  sys tem enc losed  in  a l iqu id  n i t rogen  ba th .  The oxid izer  
flow meter a n d  f e e d  l i n e  t o  t h e  combustion unit  were also maintained a t  
l iqu id  n i t rogen  tempera ture  wi th  a l i qu id  n i t rogen  j acke t .  
The ClF3 (non-cryogenic) was p res su r i zed  in to  the  c losed  ox id ize r  
system from a supp ly  bo t t l e  w i th  supe r  d ry  n i t rogen .  
The system was pressurized with helium by means of dome regu la to r s  
remotely operated,  Propel lant  tank pressures  ranged from 6.89 t o  20.06 x l o 5  
Newtons/meter2.  Figure  3 shows a schematic  of  the  equipment.  
The experimental  temperatures  given in  T a b l e  I f o r  t h e  v a r i o u s  
systems were deduced from the  emiss ion  spec t ra  as fo l lows ,  us ing  the  
standard technique described by Cor l i s s  and Bozman, re ference  3. 
E 
I -   "- N 8a2e2h  gf e k T  
U m ~3 
Using s u b s c r i p t s  for t he  two s p e c t r a l  l i n e s  
E 1  
N 8a2e2h g l f l  kT 
U 
"
I1 = - - e  
m A: 
and 
1 
2 
N 8n2e2h g2f2 
" 
kT 
L 
I2 = - U m 
2 
5 
3 
. ....... . -- . .... - 
N 8r2e2h 
for  a given spectrum - 
U m 
can be considered constant  
t h a t  is, 
N 8n2e2h 
- .  = c  (cons tan t  1 
U m 
Then 
and 
Var ious  spec t r a l  l i nes  may be  p lo t t ed  by 
p l o t t i n g  
gf E 
1x3 kT 
I n  - versus  - . 
These po in t s  w i l l  y i e l d  a stra 
4 
5 
6 
t ak ing  the  loga r i thm of Eq. 6 and 
i- 
d i s t r i b u t i o n .  Using  equations 5 and 6,  t ak ing   logs   and   subt rac t ing ,  
g h t  l i n e  i f  the  source  has  a Boltzmann 
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By plo t t ing  gf / IX3 vs ,  E on semi- logari thmic paper ,  the temperature  is  obtained 
from the  s lope  o f  t he  l i ne  
g2f2  glf 1 
1 2.3026 K ( l o g  - - l og  - 
T E2 - E1 
I& I& 1 - =  
Taking two p o i n t s  from t h e  BaO curve on Fig. 2, E2 and E 1  r e spec t ive ly  are 
32,000  and  24,000,  and  and r e s p e c t i v e l y  are 20.8 x 1012 and 
1.26 x 
g2f2 g l f l  
9 2  11x1 
8 
Therefore - - 1 2.3026 (0.69502)(10g 20.8 X 10l2  - l og  1.26 X 1 0 l 2 )  - 
T 32,000 - 24,000 
6 
T = 4085OK 
The t h e o r e t i c a l  N ~ H I + / F ~  flame  temperature is 4687OK. Comparison 
of the experimental  spectral  temperatures  with other  calculated thermodynamic 
flame temperatures are g iven  in  Table  I. 
The gf and E values were obtained From Cor l i s s . and  Bozmann, r e f e r -  
ence 3. For those  l i nes  ava i l ab le ,  g f  va lues  as determined by Penkin, 
re fe rence  4, were used. The la t ter  gave b e t t e r  d i s t r i b u t i o n  w h i l e  also 
r e s u l t i n g  i n  s l i g h t l y  l o w e r  t e m p e r a t u r e s  ( 2 0 0  t o  30O0K) less. 
In t ens i t i e s  o f  t he  spec t rog rams  were measured with a densitometer 
modified t o  i n c l u d e  a photocel l  pickup.  The s i g n a l  was amplified and a 
trace was made wi th  an  osc i l lograph  to  provide  a continuous measurement of 
film i n t e n s i t y .  Tr i -X  film was used fo r  t he  ambien t  tes+s. Kodak  Type I 
with F f i l m  s e n s i t i z a t i o n  was used f o r  t h e  vacuum test  spec t r a .  
The degree of  ionizat ion may be calculated by wr i t ing  equat ion  1 
f o r  t h e  Ba+ spec ies  and  for  the  BaO spec ies ,  eg .  
E+ 
N+ 8n2e2h  gf + e kT 
-
I + = - -  - 
U+ m A3 
and 
,E0 
No 8n2e2h  gf O e kT 
10 = - 
UO m A3 
- 
"
9 
1 0  
Theref  ore 
11 
o r  
gf O E+ - Eo 
N+ I+ U+ 7 e kT- 
12 
7 
Values of t h e  p a r t i t i o n  c o e f f i c i e n t s  (U+ and Uo) were ca lcu la t ed  
and  p lo t ted  VS, t empera ture  us ing  the  method as described by Corliss and 
Bozmann, r e fe rence  3.  The temperature was c a l c u l a t e d  by t h e  Boltzmann p l o t  
as previously descr ibed.  
Assume the temperature  using the Boltzmann plot  was found t o  be 
408S°K, t h e n  t h e  p a r t i t i o n  c o e f f i c i e n t s  would  be: U+ = 3.4 and Uo = 1.58, 
The b e s t  l i t e r a t u r e  v a l u e s  for  gf/X3 and E for  t h e  4554x and 55351 l i n e s  
would  be  obtained.  Using  values of r e l a t i v e  i n t e n s i t y  from  the  photo- 
m u l t i p l i e r ,  Io = 27,600 mv and I+ = 11,800 inv found in Table I1 and sub- 
s t i t u t i n g  i n  equation 12 
N+ 11,800 3.4 8.25 x 1OI2 21,952 - 18,060 
NO 27,600 1.58 14.0 x 1 0 l 2  0.6950(4085) 
" - e 
= 2.13 
and % i on iza t ion  
N'(100 ) 2.13(100) 
No + N+ 1 + 2.13 
- 
I = 68.1% 
This provided a means of es t ima t ing  the  % ion iza t ion  us ing  
r e l a t i v e  l i n e  i n t e n s i t y  v a l u e s  and not  re lying on film spec t r a .  
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PROPERTIES OF CHEMICAL SYSTEMS 
" 
MATER1 ALS 
The chemica l  suppl ie rs  and  manufac turers  s ta ted  pur i ty  is as 
fo l lows  : 
Chemical  Supplier  Phrity 
BaC12 
Olin Matheson Chemical Co. Technical Grade  97 t o  98% 
Lake Charles ,  La. N2H4 ( 2   t o  3% H20) 
A i r  Products  and Chemicals  Technical Grade  99.99% NH3 
Allentown,  Pa. 
J, T. Baker & Co. 
Ph i l l i p sburg ,  N. J. 
Ba(N03)2 J. T. Baker & Co. 
Phi l l i p sburg ,  N .  J. 
F2 
ClF3 
OF2 
Reagent  Grade 
Reagent  Grade 
A i r  Products  and  Chemicals 98% 
Allentown,  Pa. 
Allied Chemical Co. 
Baton Rouge, La. 
Al l i ed  Chemical Co. 
Baton  Rouge, La .  
99.5% 
9 8% 
SOLUBILITY  STUDIES 
The s o l u b i l i t i e s  of Ba(N0312 and BaC12 i n  N H 3  and N2H4 as given by 
va r ious  inves t iga to r s  are as fol lows:  
S o l u b i l i t y  i n  
S a l t   S o l v e n t  g m / l O O  gm mixture Temp. O C  I n v e s t i g a t o r  
Ba(N0312 NH3 50.0 25 Reference 5 
BaC12  N2H4 23.7 
26 .O 
2.9 
43 .O 
25 Reference 6 
25 R I  TU 
25 Reference 6 
25 . RITU 
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The s o l u b i l i t y  of Ba(N0312 i n  N H 3  was v e r i f i e d  as t h a t  g i v e n  i n  t h e  
l i t e r a t u r e .  The s o l u b i l i t y  of BaC12 i n  N2H4 was approximately 10% greater  
t h a n  t h e  l i t e ra ture  showed. Th i s  migh t  poss ib ly  be  a t t r i bu ted  to  the  small 
amount of water p r e s e n t  i n  t h e  commercial grade "anhydrous" hydrazine used. 
The hydrazine water content ranged from one t o  two percent .  
The s i g n i f i c a n t  d i f f e r e n c e  between t h e  l i t e r a t u r e  v a l u e  f o r  t h e  
Ba(N03)2 s o l u b i l i t y  i n  N2H4 and the value determined by t h i s  l a b o r a t o r y  h a s  
not been explained. A d i f f e rence  of s e v e r a l  p e r c e n t  c o u l d  b e  a t t r i b u t e d  t o  
the  presence  of  water i n  t h e  s o l v e n t .  The r e a s o n  f o r  t h i s  d i s p a r i t y  h a s  n o t  
been invest igated.  
A so lub i l i t y  s tudy  o f  va r ious  mix tu res  con ta in ing  Ba(N03)2, BaC12 
and N2H4 was made a t  room temperature and is shown as a t r i a n g u l a r  p l o t  i n  
Fig. 5. Seven s o l u t i o n s  t h a t  were u s e d  i n  tests are ind ica t ed  on t h e  f i g u r e .  
A mixture  be low the  sa tura t ion  l ine  ( toward  the  Ba(N0312 o r  BaC12 co rne r s )  
contained two phases (a  s o l u t i o n  and so l id  phase) ,  whereas  the  salts were 
in  comple te  so lu t ion  above  the  sa tura t ion  l ine .  F igure  5 a l s o  shows a l i n e  
of  s to ich iometr ic  mixtures  (a  chemical  equivalent  of hydrazine per  equivalent  
o f  s a l t ) .  As a po in t  of i n t e r e s t ,  a s to ich iometr ic  mixture  of  Ba(N03)2  and 
N2H4 was prepared, i.e. t h r e e  moles of N2H4 pe r  mole o f  Ba(N0312. This 
mixture was a s l u s h  a t  room temperatures and when h e a t e d  t o  5OoC became 
ge l - l ike  in  appearance .  
The temperature at which so l id s  began  p rec ip i t a t ing  in  the  hydraz ine  
s a l t  s o l u t i o n  were s tud ied ,  It was found  tha t  t he  so lu t ions  became cloudy 
below - 1 O C .  The cloudiness  was a t t r ibu ted   t o   occ luded  a i r  bubbles,  As 
temperatures were lowered, they were more v iscous  and appeared to form a ge l .  
The poin t  a t  which small c r y s t a l s  were observed is noted  in  the  fo l lowing  
table as the  f r eez ing  po in t  . The table a l s o  shows t h e  s o l u t i o n  d e n s i t y .  
Solu t ion  - ." - - - 
1. 16.7% BaC12-83.3% N2H4 
2. 26%  BaC12-74% N2H4 
3, 21%  BaC12-9% Ba(N03)2-70% N2H4 
4. 17% BaC12-16% Ba(N03)2-67% N2H4 
5. 13% BaC12-21.5% Ba(N03) 245 .5% N2H4 
6.  9% BaC12-30% Ba(N03)2-61% N2H4 
7. 42.9%  Ba(N03)2-57.1% N2H4 
8. 50%  Ba(N03)2-50% NH3 
Density @ 77OF 
p / c c  
1.167 
1.260 
1.322 
1.358 
1.361 
1,400 
1.477 
0.905 
Solids Formation 
Temperature O C  
-5e6 
2.2 t o  -6.6 
-11.7 t o  -12.8 
-6 - 7   t o  -10 
-11.1 t o  -12.2 
-11 t o  -12.7 
-2.8 
25 
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SHOCK SENSITIVITY 
Two approaches were used t o  de te rmine  the  shock  sens i t i v i ty  o f  
mixtures used. The pre l iminary  method cons i s t ed  of p lac ing  50 m l  of f u e l  
mixture i n  a tes t  tube and support ing the tube i n  a clean, open quart  can. 
F i f t e e n  cm. of primacord was placed i n  a 6.3 mm diameter  tube and sealed a t  
one end. The primacord tube was i n  t u r n  p l a c e d  i n  t h e  tes t  tube and a b l a s t i n g  
cap  a t tached  to  the  pr imacord  tube. The assembly was then  detonated.  A l l  
s o l u t i o n s  were t e s t e d  i n  t h i s  q u a l i t a t i v e  manner and i n  a d d i t i o n  a blank 
of pure hydrazine was a l s o  t e s t e d .  None of the systems showed any  s ign i f i can t  
d i f f e rence  i n  shock s e n s i t i v i t y .  A l l  cans appeared t o  be torn and fragmented 
t o   t h e  same degree,  
Semi-quant i ta t ive comparisons and impact  sensi t ivi t ies  were de ter -  
mined by the apparatus  and procedures  descr ibed in  Liquid Propel lant  Test 
Method Number 4, "Drop-Weight Test", as recommended by t h e  J A N A F  Panel on 
Liquid  Propel lan t  Test Methods and published by t h e  Chemical Propulsion 
Information Agency. This  data  is shown i n  t h e  n e x t  t a b l e .  
Hydrazine,  12.3%  Ba(N03)2-20% BaC12-67.7% N2H4, 17% BaC12-16%  Ba(N0332- 
67% N2H4, and 26%  BaC12-74% N2H4 gave  negat ive  resu l t s  i n  f i ve  consecu t ive  
tests a t  100 kgcm. Th i s  i nd ica t e s  a very low s e n s i t i v i t y  which is not  
measureable on the Drog-Weight Tester, .The mixture 13% BaC12-21.5% Ba(N03)2- 
65.5% N2H4 gave only one posit ive t e s t  i n  n i n e  tests a t  100kgcm. T h i s  
m a t e r i a l  a l s o  shows a very low s e n s i t i v i t y .  
The 42.9% Ba(N03)2-57.1% N2H4 gave posi t ive tests, b u t  t h e  r u p t u r e  
diaphragm was not  per fora ted .  The p o s i t i v e  tests were r eac t ions  which l e f t  
a s o l i d  r e s i d u e  and produced gas .  This  resul t  indicates  that  high order  
detonat ion did not  occur ,  but  that  the impact  produced low order  de tona t ion  
or  ign i t ion  of  the  samples .  The energy  requi red  for  a 50% probabi l i ty  of  
r e a c t i o n  (E50) was 79 kgcm. 
For  re ference  purposes ,  typ ica l  impact  sens i t iv i tes  are l i s t e d  for 
s e v e r a l  l i q u i d  p r o p e l l a n t s  and explosives. These data were taken from the 
opera t ion  manual  for  the  Drop-Weight Tester furnished by the manufacturer.  
11 
IMPACT SENSITIVITY OF HYDRAZINE-  MIXTURES 
Sample Des igna t ion   Impact   Sens i t iv i ty .~ 
Hydrazine No s h o t s   i n  5 t r ia ls  @ 100 kgcm 
12.3% Ba(N03 12-20% BaC12- 
67.7% N2H4 No s h o t s  i n  5 trials @ 100 kgcm 
26%  BaC12-74% N2Hq  No s h o t s  i n  5 trials @ 100 kgcm. 
13% BaC12-21.5%  Ba(N0312- 
65.5% N2H4 
1 s h o t  i n  9 t r ials @ 100 kgcm. 
(no s h o t s  i n  last  5 consecut ive 
t r ia ls  1 
42.9%  Ba(N03)2-57.1% N2H4 No h igh   o rde r   sho t s  i n  23 tr ials 
17% BaC12-16% Ba(N03)2-67% N2H4 No s h o t s  i n  5 t r ia ls  @ 100  kgcm 
TYPICAL IMPACT SENSITIVITY VALUES OF 
LIQUID PROPELLANTS AND EXPLOSIVES” 
Sample E50 (kgcm) 
Hydrazine Neg . 
Hydrazine/Hydrazine Nitrate (40/60)  89.7
Nitromethane 67.4 
n-Propyl Nitrate 15.6 
Ni t roglycer ine  1.6 
E50 
Neg . 
Neg . 
Neg . 
Neg . 
79 kgcm 
Neg . 
*Data from operating manual, Technoproducts, Div. of Ouant ic  Indus t r ies ,  
Inc., San Carlos, Calif. 
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RESULTS AND DISCUSSION 
A. Evaluat ion a t  Ambient Conditions 
Data f o r  a l l  sys tems tes ted  is l i s t e d   i n  Table I1 and shown 
g r a p h i c a l l y  i n  F i g s .  6,  7a,  7b, 7c and 8 . 
The test  parameters  given i n  Table I1 are: f u e l ,  ox id i ze r ,  O/F 
(ox id ize r  t o  fue l  weight  rag io) ,  f u e l  f l o w  a n d  r e l a t i v e  l i g h t  i n t e n s i t y  
of t h e  55352 (BaO) and 4554A (Bat )  spec t ra l  l ines .  
Figures  6, 7a, 7b, 7c and 8 show t h e  relative in t ens i ty  o f  t h e  
5535i (BaO) and 455451 (Ba t )  spec t r a l  l i nes  vs .  O/F. 
A l l  fue l  sys tems were eas i ly  handled  except  the  50% Ba(N03)p 
50% NH3 system.  This  system caused c logging  of  feed  va lves .  As t h e  f u e l  
expanded, immediately following the propellant valve opening, Ba(N03)2 
p r e c i p i t a t e d  on t h e  v a l v e  seat causing clogging. The l i g h t  v a l u e s  
obta ined  us ing  th i s  sys tem were low. 
Figure 6 shows t h e  two systems tested using ClF3 as t h e  o x i d i z e r .  
Figures 7a,  7b, and 7c show the seven systems t e s t e d  u s i n g  F2 as t h e  
oxid izer ,  F igure  8 shows t h e  two sys tems tes ted  us ing  OF2 as t h e  
oxidizer.  For  comparison  Figs. 6 through 8 have t h e  same hor i zon ta l  
scale. The l i g h t  i n t e n s i t y  measurements a r e  g i v e n  i n  m i l l i v o l t s  as 
recorded  and  cor rec ted  for  photomul t ip l ie r  response  a t  t h e   p a r t i c u l a r  
wavelength,  Neutral  densi ty  filters and a small spectrograph entrance 
slit width (10 p) were used t o  keep the photomult ipl ier  tubes within 
t h e i r  l i n e a r  r a n g e .  
The 13% BaC12-21.5% Ba(N03)2-65.5% N2H4/F2 system was used as a 
comparative  standard. The r e l a t i v e  l i g h t  o u t p u t  from th is  chemica l  
mixture  a t  a given O/F was compared t o  t h e  l i g h t  o u t p u t  o b t a i n e d  i n  
previous tests us ing  the  same chemical  mixtures.  This  provided a means 
of r?gularly checking the optical  system and comparing various chemical 
mixtures.  
The BaO l i g h t  was g r e a t e r  t h a n  t h e  B a t  l i g h t   f o r  a given O/F i n  
any system. The maximum l ight  occured  i n  a l l  systems a t  a po in t  l oca t ed  
between t h e  s t o i c h i o m e t r i c  O/F and 3% less than  the  s to i ch iomet r i c  O/F. 
The s to i ch iomet r i c  O/F is def ined  as be ing  equiva len t  t o  t h e  o x i d i z e r  t o  
f u e l  weight ra t io  i n  a balanced equation assuming the salt is converted 
t o  free B a y  F t o  HF, C 1  t o  H C 1  and 0 t o  H20. 
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As an example, one system tested had an O/F r a t i o  of 142 grams 
ox id ize r  pe r  100 grams f u e l  o r  1.42/1.00. If the barium is assumed t o  be 
conve r t ed  to  BaF2, t hen  the  s to i ch iomet r i c  O/F is 1.47. Since the 
g r e a t e s t  l i g h t  o u t p u t  i n  a l l  cases occurred with O/F less than  s to i ch iomet r i c ,  
it is apparent  tha t  l i t t l e  of t he  Ba  was combined as BaF2 o r  BaC12. This 
was confirmed by spec t rographic  ana lys i s .  
Table I11 lists the  sys t ems  in  o rde r  of decreas ing  l igh t  ou tput  
( r e l a t i v e  l i g h t  i n t e n s i t y )  w i t h  r e s p e c t  t o  BaO, t he reby  ind ica t ing  the  
r e l a t ive   ba r ium  y i e ld .  
Figure 9 shows a p l o t  o f  i n t e n s i t y  r a t i o  v e r s u s  w e i g h t  % of oxygen, 
ch lo r ine  and f luo r ine .  Review of  the  da ta  (shown i n  T a b l e  I> ind ica t e s  a 
dependence  of Bao/Bat r a t i o  on the percentage oxygen  and f l u o r i n e ,  As 
t h e  oxygen content  increases ,  the  Bao/Bat r a t i o  i n c r e a s e s .  As t h e  f l u o r i n e  
conten t  increases ,  the  Bao/Bat decreases .  This  means t h a t  more barium  ion 
is formed us ing  increas ing  amounts  of f l u o r i n e ;  t h a t  is, up to  pu re  
f luo r ine .  The effect of ch lo r ine  is no t  c l ea r .  
F i lm s p e c t r a  showed some BaO bands  present  in  a l l  systems containing 
02. Quantitative  measurements  of band s p e c t r a  were  not  taken;  however, it 
appeared that  the lower temperature  systems had considerably more BaO.  
Some  BaC12 and BaF2 band s p e c t r a  was noted i n  the systems without 02. No 
BaO bands were noted in  those systems without  02. Since mixtures contain- 
ing  no oxygen  showed  no BaO bands, it was cons idered  tha t  the  oxygen i n  
the atmosphere had l i t t l e  s i g n i f i c a n t  effect on ambient tests. 
B. Evaluat ions a t  Vacuum Conditions 
Two systems were r u n  i n  a 42.5 cubic  meter vacuum tank: 
1. 26% BaC12-74%  N2H4/F2 
The same combustion unit  was u s e d  f o r  t h e  vacuum t e s t s  as for  the  ambient  
tests. The f e e d  r a t e s  were a l s o  t h e  same: 22.5 t o  68 gm/sec.  each  of 
f u e l  and oxidizer.  The vacuum at  ign i t ion  co r re sponded  to  an  a l t i t ude  of 
70 km (5.8 Newtons/meter2) and afrer 3 sec .  burn ing  the  equiva len t  
a l t i t u d e  was 35 km (613 Newtons/meter2). 
In i t i a l ly  the  pho tomul t ip l i e r - spec t rog raph  was set up t o  view the  
flame at a r i g h t  a n g l e  t o  t h e  a x i s  o f  t h e  flame propogat ion  pa th ,  In  
t h i s  p o s i t i o n  t h e  p h o t o m u l t i p l i e r s  were n o t  s e n s i t i v e  enough t o  p i c k  up 
t h e  45541 B a t  and 5535x BaO l i g h t .  The spectrograph was then  p l aced  to  
view t h e  motor from a head-on pos i t i on  wi th  r e spec t  t o  the  flame (see 
Fig. 2 ) .  The rapidly expanding flame caused a lower ing  of  par t ic le  dens i ty  
and i n  t u r n  t h e  r e l a t i v e  l i g h t  i n t e n s i t y  d i m i n i s h e d  t o  a p p r o x i m a t e l y  
1 /40  o f  t he  in t ens i ty  measured a t  one atmosphere i n  air .  
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An addi t iona l  spec t rograph  was placed a t  r i g h t  a n g l e  t o  t h e  axis 
of t h e  flame propagat ion path to  obtain spectrograms.  
The d a t a  f o r  t h e  vacuum tests is g iven  in  Table  I V  and shown i n  
Fig. 10. 
The l i g h t  i n t e n s i t y  c u r v e s  f o r  t h e  vacuum t e s t s  have the same 
form as the  curves  for  the  ambient  pressure  tests. The optimum O/F 
r a t i o  of t h e  26% BaC12-74% N ~ H I + / F ~  and 13% BaC12-21.5% Ba(N03)2- 
65.5% N2H4/F2 systems are t h e  same under vacuum and ambient conditions. 
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CONCLUDING REMARKS 
An opt ica l  sys tem was developed t o  measu re  the  in t ens i ty  of t h e  
45541 Bat and 553561 BaO l i n e s  of several chemical mixtures and gave repro- 
duc ib l e  and  r epea tab le  r e su l t s .  
It was determined that  t h e  17% BaC12-16% Ba(N03)2-67% N2Hq/F2 
system gave the greatest  amount o f  l i g h t  i n t e n s i t y  of t h e  45548 Bat and 
553511 Bao s p e c t r a l  l i n e s ,  Ambient tests showed t h a t  t h e  optimum o x i d i z e r  
t o  f u e l  w e i g h t  r a t i o  of t h i s  sys t em was 1.32 t o  1. This system containing 
7.52  weight % barium was es t ima ted  to  be  68 .1% ion ized .  S ince  the  r e l a t ive  
l i g h t  i n t e n s i t y  of th i s  sys t em was t h e  l a r g e s t  of a l l  the  sys tems tes ted ,  
it would be expected t o  g i v e  t h e  g r e a t e s t  amount of free BaO and Bat .  For 
t h i s  r e a s o n ,  it was s e l e c t e d  t o  b e  u s e d  i n  a barium  payload release. I t  was 
also found  fo r  a l l  s y s t e m s  t h a t  t h e  r e l a t i v e  l i g h t  r e a c h e d  a maximum a t  t h e  
O/F cor re spond ing  to  the  s to i ch iomet r i c  equa t ion  y i e ld ing  B a  as one of t h e  
reac t ion  products .  The r e l a t i v e  l i g h t  o u t p u t  was s e n s i t i v e  t o  t h e  O/F. 
Moving t o  e i t h e p  s i d e  of t h e  optimum O/F caused a s h a r p  d e w e a s e  i n  r e l a t i v e  
l i g h t  
I n  vacuum tes t s  t h e  i g n i t i o n  was smooth and took place within the 
combustion  chamber. The rap id  expans ion  in  vacuum caused a decreased atom 
and ion densi ty  in  the luminous flame which  caused  the  l i gh t  i n t ens i ty  to  
be about 1/37 t o  1/50 t h e  i n t e n s i t y  measured i n  ambient tests. The % ion- 
i z a t i o n  was approximate ly  the  same for vacuum and ambient tests,  
I t  is recommended t h a t  t h e  s y s t e m  Ba(NH3)6/F2 be  inves t iga ted  as 
t o  its s u i t a b i l i t y  € o r  Ba release experiments. This system is a very 
promising candidate for producing a h igh  y i e ld  of BaO and Eat because: 
(1) the system has a high percentage of barium, 23%, assuming the same type  
r eac t ion  wi th  F2 as the barium salts had with F2; (2)  the system would 
y i e l d  a flame temperature comparable to  present  sys tems eva lua ted  (4000°K); 
( 3 )  the barium ammonia so lu t ion  has  a low f reez ing  poin t ,  about  -89OC; and 
(4) the system does not contain any oxygen o r  c h l o r i n e  t o  possibly lower 
t h e   y i e l d .  
This work i n d i c a t e s  t h a t  a d d i t i o n a l  s t u d i e s  t o  d e t e r m i n e  t h e  
absolu te  concent ra t ion  of  BaO and Ba+ a t  ambient and vacuum condi t ions  would 
be d e s i r a b l e  i n  o r d e r  t h a t  r e a s o n a b l e  p r e d i c t i o n s  c o u l d  b e  made concerning 
q u a n t i t i e s  cf bar ium released in  space.  
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APPENDIX - SYMBOLS 
I 
N 
U 
e 
m 
h 
g 
f 
x 
E 
k 
T 
intensity, joules/meter3-second 
particle  density,  number/meter3 
partition function 
electronic charge, esu 
electron mass, 9 .lo91 x kg 
Planck's  constant,  6.62 x joule-seconds 
s t a t i s t i c a l  weight of  upper l e v e l  
Ladenburg's osci l lator strength for the emitted l ine 
wavelength of t h e  l i n e ,  meters 
energy of level,  kaysers 
Boltzmann's constant, .69502 kaysers/OK 
temperature, O K  
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TABLE I 
SYSTEMS  COMPARISON 
Experimental  Resul ts  - - . .  
System 
16.7% BaCl2- 
83.3% N ~ H ~ / N ~ O L + ( ~ )  
43% Ba(N03)2- 
57% N2H4/N204(4) 
16.7% BaC12- 
83.3% N ~ H J + / C ~ F ~ ( ~ )  
26% BaC12- 
74% N ~ H I + / C ~ F ~ ( ~ )  
50% Ba(N0312- 
50% NH3/ClF3 
42.9% Ba(N0312- 
57.1% N2H4/ClF3 
16.7% BaC12- 
83.3% N2H4/€'2 
26% BaC12- 
74% N2H4/F2 
21% BaC12- 
9% Ba(N0312- 
70% N ~ H I + / F ~  
Optm. 
O/F - 
1.18 
0.595 
2.36 
2.08 
1.52 
1.19 
1.95 
1.71 
1.57 
- % Ba 
5 600 
14.10 
3.25 
5.57 
10.43 
10 04 
3.75 
6.32 
7.23 
% O  -
26 .O 
35.8 
0 
0 
7.3 
7.3 
0 
0 
1.29 
% c 1  -
3.60 
0 
28 .O 
25.8 
23.1 
20.7 
1.92 
3.28 
2.78 
% F  -
0 
0 
43.5 
41.6 
37.2 
33.5 
66.2 
63 .O 
61.2 
Theor. 
3225 
3225 
3683 
3683 
3600 
3683 
4687 
4687 
4687 
3080 
3250 
3300 
3220 
"" 
3300(5) 
4250 
3860 
4370 
4000( 5, 
Relative 
I n t e n s i t y  
Rat io  
Bao-Bat 
12.7 
8.0 
3 e 4  
3.23 
5e02 
7.4 
2.17 
2.22 
2.53 
2.26 
% 
1on(3) -
37,9 
37.8 
68.0 
70 .O 
"" 
50 e 0  
68.8 
70.6 
6 1  
68e5 
Condit ion 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 
Vacuum 
Ambient 
TABLE I (con t inued)  
N 
0 
System 
17% BaC12- 
16% Ba(N0312- 
67% N2Hq/F2 
13% BaC12- 
21.5% Ba(N0312- 
65.5% N2Htl  fF2 
9% BaC12- 
30% Ba(N0312- 
61% N2Hb/F2 
42.9% Ba(N0312- 
57.1% N2Hb/F2 
42.9% Ba(N03 12- 
57 ,l% N2H4/0F2 
26% BaC12- 
74% N2H4/0F2 
SYSTEMS COMPAI~ISON 
Experimental  Results 
Re1 at i v e  
Theor .   In t ens i ty  
Optm . Temp.  Temp. R a t i o  % 
O/F % Ba % 0 % C l  % F O K  OK( 2 )  Bao-Bat Ion(3)   Condi t ion  
""- "
1.31 7.52  2.25  5.77  55.6  4687  408 2.33  68 . 1 Ambient 
1.34  8,49  3.4 1.90 57.3  468   4150  2.80 63 . 7  Ambient 
4340  2.46  62 Vacuum 
1.04 10.62  5.41  1.50 51.0  4687  4000(  2.78  63.7  Ambient 
0.976  11 45 8.0 0 49.5  4687  4540 
0.694  13.35  21.5 0 28.9 4036 3 710 
1.22  7.70  16.2  4.0 38.5 4036  3600 
4.4  43 . 0 Ambient 
5.8 46 . 9  Ambient 
5.5  52 . 8  Ambient. 
(1) Theore t i ca l  t empera tu re  of s a l t  free systems a t  69.3 x l o 5  Newtons/meter2 
(2 )  Tempera tu re  ca l cu la t ed  as noted  on  pp  6,   7 
( 3 )  % i o n i z a t i o n  c a l c u l a t e d  as noted  on pp 7,  8 
( 4 )  Included for comparison;   systems  s tudied  on AFCRL Contract No. AF19(628)-5710 
(5 )   Es t ima ted   t empera tu re  
" 
TABLE I1 
SUMMARY OF AMBIENT TEST RESULTS 
System Fuel Flow 
Fuel Oxidizer O/F Qn/Sec 
1. 50% Ba(N03)2-50% NH3 ~ 1 ~ 3  4.70  13 5 
3.51  12.7 
2.87 1Q.2 
1.65 15.9 
1.52 16.9 
1.42 18.4 
2,  42.9%  Ba(N03)2-57,1% N2H4 ClF3 2.03  1.6
1.34  27.5 
1.22  31.0 
1.04 34.0 
0.96  33.6 
0.80 34.9 
3.  16.7%  BaC12-83.3% N2H4 F2 3.60 
3.10 
2.72 
2.67 
2.65 
2.43 
2 -34, 
2.34 
2.34 
2.30 
1.98 
1.97 
1.95 
1.93 
1.86 
1.74 
1.52 
1.48 
1.35 
1.18 
1.14 
1.06 
1.05 
20 .o 
17.5 
20.6 
20.5 
19 .o 
29.9 
25.9 
25.9 
12.6 
22.7 
27.9 
25,2 
14.2 
28.4 
24.3 
26.1 
29.9 
20.1 
23.3 
27.0 
25.9 
22.8 
"" 
Relative Jn tens i ty  mv 
BaO 55358 Ba+ 4554q 
177  17 
11 8 11 
591 33 
177 33 
221 44 
191  4 
604  78 
6C4 7 a 
63  2  78 
663 83 
663  94 
617 77 
4240 
5000 
6820 
5000 
5300 
8  800 
7060 
8800 
1125 
6000 
3100 
6 200 
7260 
20 50 
9200 
8350 
7950 
16000 
11400 
6920 
7300 
12400 
6550 
12.; 0 
1465 
2000 
1465 
1600 
3300 
2840 
3670 
1100 
1870 
3350 
3700 
6650 
3000 
5010 
4000 
3300 
5850 
4170 
2330 
6200 
4180 
7000 
21 
TABLE I1 ( continued 1 
SUMMARY OF  AMBIENT  TEST  RESULTS 
System 
tue 1 Oxidizer OIF - 
4.  26%  BaC12-74% N2H4 
5. 21%  BaC12-9%  Ba(N0312- 
70% N2H4 
6. 17%  BaC12-16%  Ba(N031 2- 
67%  N2H4 
7. 13% BaC12-21.5%  Ba(N03)  2- 
65.5% N2H4 
F2 3.20 
2.91 
2.79 
2.71 
2.54 
2.48 
2.24 
1.75 
1.70 
1.56 
1.50 
1.32 
F2 1.87 
1.G4 
1.57 
1.52 
1.44 
1.40 
1.35 
1.29 
F2 1.63 
1.49 
1.41 
1.38 
1.37 
1.35 
1.32 
1.32 
1.25 
1.17 
1.11 
1.08 
F2 2.51 
2.16 
1.74 
1.54 
1.26 
1.04 
0.895 
Fuel Flow 
W S e c  
22.7 
23.4 
26.3 
23.5 
32.0 
29.5 
32.3 
38.8 
37.5 
40.6 
42.8 
35.1 
27.1 
31.2 
34.7 
31.8 
34.7 
34.6 
35.1 
35.1 
28.2 
29.0 
28.2 
28.9 
29.3 
30.4 
30.4 
29.3 
29.1 
32.0 
29.1 
28.2 
34.8 
39.1 
35.5 
36.2 
43.2 
43.2 
50.3 
Relative  Intensity  mv 
B a O  5535x Bat 4554x 
12250 
13600 
10900 
11800 
12200 
12200 
14500 
16000 
14100 
14500 
14100 
' 7300 
12200 
15850 
20600 
15350 
10600 
9150 
8300 
6900 
11500 
17800 
22500 
24800 
24400 
25100 
27000 
27600 
25100 
23300 
23100 
21800 
15000 
16300 
19100 
21800 
22700 
23600 
10000 
53  50 
6500 
4200 
5660 
4500 
5000 
5700 
6520 
63  50 
7000 
6500 
2700 
5370 
6400 
9100 
7400 
5370 
4020 
3610 
3110 
4960 
7800 
10200 
10800 
11400 
11400 
11800 
10200 
9100 
8500 
8500 
"" 
4350 
4700 
5900 
6700 
7700 
8340 
3200 
22 
TABLE I1 (continued) 
SUMMARY OF AMBIENT TEST RESULTS 
System 
Fuel  Oxidizer O/F 
8. 9%  BaC1?-30%  Ba(N0312-  F2 1.7
1-46 
1.29 
1.20 
1.04 
1-03 
0.97 
0.92 
0.90 
61%  N2H4 
10.  42,9%  Ba(N03)2 
57.1%  N2H4 
11.  26%  BaC12-74% N2H4 
F2 2L 01 
1.49 
1.09 
0.955 
0.95 
0.72 
OF2  1.12 
0.915 
0.869 
0.775 
OF2 1.58 
1.45 
1.15 
1.12 
1 .ll 
1.07 
1.03 
0.99 
0.91 
~~~l Flow Relative  Intensity mv 
Qn/Sec BaO 5535x Ba+ 455411 
23.4 
28 .o 
36 -4 
36.4 
35.7 
35.1 
41.8 
39.7 
37.7 
9700 
11300 
13 700 
14600 
16600 
16000 
14100 
12700 
11600 
3450 
4200 
5120 
5550 
5970 
5970 
5620 
4870 
5120 
21.5 3880 660 
22 .o 5640 13  20 
22.0 8810 1980 
43.1 9000 1800 
22.2 70  50 18 5G 
22.5 3 530 540 
44.3 5450 1000 
44.3 6200 . 940 
44.3 6550 1200 
44 -3 7300 13  30 
32.8 
35.2 
38.6 
38.6 
37,7 
40 .O 
41.7 
39.5 
41.7 
10550 
10900 
11800 
10700 
11200 
10300 
9100 
10300 
8300 
1870 
2000 
2100 
1660 
2080 
1720 
1600 
1870 
1400 
23 
I 
System 
TABLE I11 
SYSTEMS  RELATIVE BARIUM YIELD 
Maximum 
Relative I n t e n s i t y  mv 
BaO 55358 Ba+ 45548 
" 
17% BaC12-16% Ba(N03)2-67% N2H4/F2 
13% BaC12-21 . 5% Ba(N03  )2-65.5% N2H4/F2 
21% BaC12-9% Ba(N03)2-70% N2H4/F2 
9% BaC12-30% Ba(N03)2-61% N2H4/F2 
26% BaC12-74% N2H4/F2 
26% BaC12-74% N2H4/0F2 
16.7% BaC12-83.3% N ~ H I + / F ~  
42.9% Ba(N03)2-57.1% N2Ht+/F2 
42.9% Ba(N03)2-57.1% N2H4/0F2 
42.9% Ba(N03)2-57.1% N2H4/ClF3 
50% Ba(N03 )2-50% NH3/ClF3 
27600  11800 
23600  8340 
20600  9100 
16600  5970 
16600  6520 
11800  2100 
9100 33 50 
9000 1800 
7300  1330 
663  94 
221  44 
24 
TABLE IV 
SUMMARY OF  VACUUM TEST RESULTS 
System  Fuel  Flow  Relative  Intens ty mv 
Fuel Oxidizer O/F  Bao 5535x  Bat  4554R' 
1. 26%  BaC12-74% N2H4 F2 2.19 28.7 253 116 
1.74 34.7 4 50 175 
1.00 40.2 223 116 
2. 13%  BaC12-21.5% Ba(N03)p F2 2.03 24.1 250 97 
65.5% N2H4 1.54 36.5 283 107 
1.31 36.8 352  116 
1.08 39.5 478 194 
0.99 39.1 392  17 5 
0.96 38.7 231 98 
0.70 42.6 140 78 
25 
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LOG RATIO OF gf-VALUE TO INTENSITY TIMES A3 FOR MULTIPLETS OF BO 
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SOLUTION 
I )  16.7% t3aClt - 83.3 % NzH4 
2) 26. % BaCIz - 74. % N, H4 
3) 21.% BoCI, - 9. % 6a(N03)Z -70% NZH+ 
4) 17.7' BaCI, - 16.% Ba(MO&-67% N,H+ 
5 )  13.% BaC1, - 21.5 % 6a(N03)2 -65.5% NrH4 
6) 9. % BaCl, - 30. % 6a(NO& -61. % NLH+ 
7142.9% BO(NO~)~ - 57.1 % N z  
100% A 
100% 
BoCIZ 
FIGURE 5 
Ba(NO3I2- BaCI, - N,H4 WEIGHT % 
SOLUBILITY DIAGRAM 
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FIGURE 6 
42.9% 0a(NO3lZ- 57.1% N,H,/C\F, 
0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 
RELATIVE INTENSITY VS O/F USING CIF, AS OX\DIZER 
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26 % BaClz- 74% N2H4/F, 
1.2 1 . 4  1.6 1.8 2.0 2.2 2.4 2.6 2.8 
16.7 % BaC12- 83.3 % N,H,/F, 
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FIGURE 7 b 
RELATIVE lNTENSITY VS O/F USING Fa AS OXIDIZER 
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FIGURE 7 c  
RELATIVE INTENSITY VS O/F USING Fz AS OXIOlZER 
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FlGURE 8 
RELATIVE INTENSITY VS O/C USING OF, AS OXIDIZER 
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FIGURE 10 
RELATIVE INTENSITY VS O/F FOR VACUUM TESTS 
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